First-layer Si ͑FL-Si͒ Si/ Ti/ Al/ Mo/ Au contact metallizations are demonstrated to form low resistance and high temperature thermally stable Ohmic contacts on AlGaN / GaN high electron mobility transistor ͑HEMT͒ structures. Electrical and surface morphology characterizations have indicated that contact behavior significantly depends on the thickness of FL-Si used, where FL-Si ͑5 nm͒ scheme showed the most optimal behavior. The contact resistances of FL-Si schemes are stable for up to 300 h during thermal aging at 500 and 600°C. Aging at 700°C resulted in gradual degradation of contact resistance with values less than 1 ⍀ mm Ohmic behavior still maintained after 50 h of thermal treatment. No deterioration in the sheet resistance of the heterostructure has been detected upon thermal aging. Atomic force microscopy, Auger electron spectroscopy, and transmission electron microscopy characterizations have been utilized to identify the effect of FL-Si incorporation on the nature of intermetallic and interfacial reactions. Results from this study demonstrate that FL-Si-based metallizations have the potential to meet the critical requirements of low resistance, high temperature thermal stability and smooth surface morphology for the fabrication of AlGaN / GaN HEMTs.
I. INTRODUCTION
The versatility in the application of III-nitride semiconductors in high temperature, high power, and high frequency electronic devices and short wavelength optoelectronic devices such as UV detectors, light emitting diodes, and laser diodes has engendered a significant amount of research activities over the last decade. 1 AlGaN / GaN high electron mobility transistors ͑HEMTs͒ are of particular interest, owing to their high breakdown voltage and high saturation current, for microwave power amplification. For enhanced performance of these devices, Ohmic contacts, apart from low contact resistance, are required to have high thermal stability and smooth surface morphology to ensure dependable high temperature performance and to facilitate sharp edge acuity for short channel devices, respectively. 2 The development of contact metallizations for such device applications has relied, for the most part, on processes adopted for GaN epilayers. Mainly because of reliability limitations due to oxidation of active components such as Ti and Al, single layer contact schemes are not favored. It is, therefore, imperative to use a multilayer scheme in which each layer is optimized to enable robust and reliable performance of contact metallizations. Among the plethora of contact schemes reported in the literature, the Ti/ Al-based schemes are the most widely utilized. 3 Ti is used because it participates in the interfacial reaction yielding TiN, a semimetallic compound with work function of 3.74 eV, 4 when annealed at elevated temperatures. It is believed that TiN can easily form Ohmic contacts to the wide band gap GaN and AlGaN. In the cases where TiN formation is achieved, the underlying layer has N-deficiency induced n-type doping at the metal/GaN interface, 5 which is large enough for tunneling contact mechanism to be effected. Ti also plays the role of oxide getter from the surface of the epilayer. Hence, when it is coupled with metals with high conductivity, such as Al, it can enable direct Ohmic contact formation. In addition, in Ti/ Al-based schemes, the formation of higher melting point TiAl x intermetallics stabilizes the contacts, enabling prevention of the contact structure from balling up. 6 However, the propensity of both Ti and Al to be easily oxidized at the aforementioned annealing conditions poses major reliability challenges. This problem is circumvented by the deposition of a metal/Au bilayer cap. Examples of the metal layer used in such configuration are Ni, 6 Ti, 7 Pd, 8 Pt, 9 Mo, 10 Re, 11 Ir, 12 and Nb. 13 The characteristic feature of all these metals is that they have high melting point. Owing to the low bulk diffusivity of Au in such metals, they are believed to act as barriers to the outdiffusion of Ti and Al and the indiffusion of Au. In addition to the prevention of oxidation, Au improves the conductivity of the contacts. Although Ti/ Al/ metal/ Au have been shown to yield low resistance contact formation, reliability concerns regarding high temperature thermal stability still exist. Recent Auger electron spectroscopy ͑AES͒ and transmission electron microscopy ͑TEM͒ investigations have indicated that the highmelting-point metal layer hardly acts as a diffusion barrier 14 and plays an active role in dictating Ohmic performance of Ti/ Al/ metal/ Au schemes. 15 Also contacts annealed at optimal conditions have been demonstrated to contain complex a͒ Author to whom correspondence should be addressed; electronic mail: iadesida@uiuc.edu microstructures in which high degree of intermixing between the epilayers and metallization layers was observed along with varying degrees of interfacial reactions and grain formation in the metallization matrix. The implication of this has been that the contact schemes are typically characterized by poor surface morphology and lack of long-term thermal stability. Unfortunately, most reports on performance of contact metallizations on AlGaN / GaN heterostructures do not cover reliability investigations. 16 Ti/ Al/ Mo/ Au metallization, which has been reported to have the potential for optimization as a generic Ohmic contact that is not dependent on the growth conditions of the material, 17 has been shown to have stability for over 45 h at 600°C and for 8.5 h at 700°C, after which thick oxide scale buildup on the surface of the contacts and significant surface discoloration were observed. 18 An alternative approach to improving the thermal stability of multilayer contact metallizations is to use a refractory cap layer to prevent evolution in surface morphology. An example of such an approach is the use of WSiN cap layer on Ti/ Al/ Pt/ Au ͑Ref. 19͒ and Ti/ Al/ Ti/ Au ͑Ref. 20͒ schemes, in which it was shown to yield improved edge definition and surface morphology as well as stability at 500°C for 120 h. This method, in addition to requiring an extra sputtering step to deposit the WSiN cap layer, gave a relatively high contact resistance of 0.9 ⍀ mm, which deteriorated to 1.1 ⍀ mm after long-term thermal aging. In terms of the evaluation of contact performance via HEMT device characteristics, Kang et al. 21 have recently demonstrated that the dc performance of devices, measured at elevated temperatures up to 550°C, with Ti/ Al/ Ir/ Au contact metallization were significantly better than those with Ti/ Al/ Ni/ Au contacts. Although this investigation is of interest in identifying a contact metallization suitable for high temperature operation, there is a need to characterize contact performances over long-term operation at high temperatures in order to realize the great promise of AlGaN / GaN HEMTs for high temperature and high power applications. In this article, we report on the investigation of the effects of first-layer Si ͑FL-Si͒ insertion on the high temperature thermal stability, electrical performance, and surface morphology of Ti/ Al/ Mo/ Au scheme on AlGaN / GaN heterostructures. The current study was motivated by two inferences. One is from the studies of GaN growth on Si ͑Ref. 22͒ which indicate that it is customary for amorphous SiN x to be observed at the interface between Si substrate and GaN epilayer grown on it. The other is from the indication that the insertion of a thin Si layer prior to the deposition of standard contact metallizations results in improved surface morphology 23 and contact performance. 24, 25 If the formation of SiN x is an indication that N preferentially bonds to Si than to Ga at the interface between GaN and Si, the Si combining with N instead of Ga could lead to SiN x formation, leading to enhanced "n-type" doping 5 which is conducive to n-type Ohmic contact formation.
II. EXPERIMENT
The epitaxial layers used in this work were grown using metal organic chemical vapor deposition on 6H SiC. The epilayer consisted of a 100 nm AlN buffer layer, a 1.6 m semi-insulating GaN, 1 nm undoped AlN, and a 24 nm undoped Al 0.30 Ga 0.70 N. The steps for transfer length measurement ͑TLM͒ test structure fabrication were the following: ͑1͒ degreasing of samples in acetone and isopropyl alcohol to remove organic contaminants, ͑2͒ mesa etching using Cl 2 /Ar plasma in an inductively coupled plasma reactive ion etching ͑RIE͒ system to electrically isolate the various TLM structures, ͑3͒ contact pad patterning using optical lithography, and ͑4͒ treatment in a SiCl 4 plasma in a RIE system. To eliminate surface oxide buildup, samples were cleaned in a buffered oxide etchant solution prior to the deposition of the metallization layers consisting of Si͑1,5,or 10 nm͒/ Ti͑15 nm͒ /Al͑60 nm͒ /Mo͑35 nm͒ /Au͑50 nm͒. The TLM Ohmic pads were delineated using a lift-off process, and the gap spacings between the TLM contacts were 2, 3, 4, 5, 6, 8, and 10 m. The contacts were annealed in a rapid thermal annealing system with a N 2 ambient. The current-voltage characterization of the TLM contacts were carried out at room temperature using an HP4142B semiconductor analyzer. Long-term thermal aging was carried out in a tube furnace with a N 2 ambient. Atomic force microscopy ͑AFM͒ measurements were carried out using a Digital Instruments Dimension 3100 AFM. A Nanotec Electronica WSXM 4.0 software was used to carry out post AFM imaging analysis. Scanning transmission electron microscopy ͑STEM͒ imaging was carried out using a JEOL 2010F STEM system.
III. RESULTS AND DISCUSSIONS
To identify the effect of the thin Si layer on the Ohmic performance of Ti/ Al/ Mo/ Au scheme, L-TLM analysis was carried out on Si/ Ti/ Al/ Mo/ Au schemes to extract values of contact resistance ͑R c ͒ and specific contact resistivity ͑ c ͒.
As shown in Fig. 1 , insertion of FL-Si causes a change in the contact performance of Ti/ Al/ Mo/ Au. Minimum R c of 0.41, 0.38, 0.31, and 0.63 ⍀ mm have been obtained for Ti/ Al/ Mo/ Au, FL-Si ͑1 nm͒, FL-Si ͑5 nm͒, and FL-Si ͑10 nm͒, respectively. For thin FL-Si ͑1 and 5 nm͒, values for R c and c slightly lower than that for Ti/ Al/ Mo/ Au have been obtained. This low resistance can, however, also be obtained upon annealing at lower than optimal annealing condition for Ti/ Al/ Mo/ Au. This effect is similar to the previously reported effect of Si incorporation within the metallization matrix of Ti/ Al/ Mo/ Au on the annealing temperature processing window. 26 The scheme containing 10 nm FL-Si has a higher R c when annealed at more than 800°C, which is the optimal condition for Ti/ Al/ Mo/ Au, FL-Si ͑1 nm͒, and FL-Si ͑5 nm͒ schemes. observed for the as-deposited sample. Upon aging at 700°C, the oxygen content increases on the surface and throughout the Si layer. Despite the relatively high annealing temperature, the AlGaN / GaN heterostructure can be clearly delineated. In addition, the stoichiometry of the 24 nm AlGaN cap layer ͑Al 0.3 Ga 0.7 N͒ is maintained. This result has a strong implication on the effect of Si layer insertion on the performance of standard Ohmic contact metallizations on AlGaN / GaN heterostructures. The two possible interferences-annealing induced doping and interfacial reaction-do not seem to occur. If there are any effects of the thin Si layer, they must be in concert with the metals of the metallization scheme. The thermal stability of Si/ heterostructure interface has provided a basis for investigating the effect of FL-Si incorporation on the thermal stability of Si/ Ti/ Al/ Mo/ Au scheme. Samples annealed at 800°C for 30 s were aged in a N 2 ambient tube furnace at 400, 500, 600, and 700°C for which results are shown in Figs. 3-6 , respectively. No change in R c and c was seen during thermal aging at 400°C for 100 h. Similarly, aging at 500°C for 300 h did not induce a change in the contact performance of schemes with FL-Si thicknesses of 1 and 5 nm. For the scheme with 10 nm Si, however, a drastic reduction in R c and c from 0.68 to 0.38 ⍀ mm and from 1.53 ϫ 10 −5 to 3.26ϫ 10 −6 ⍀ cm 2 , respectively, was observed after aging for 2 h. The contact resistance remains at this level for some time but further shows slight reduction upon continued aging up to 300 h. This dramatic transformation in contact performance may be due to some distinct phase transformation in the form of low resistance silicide phase formation; among possible candidates are TiSi and TiSi 2 that have formation temperatures of 500 and 550°C, respectively. 27 Similar behaviors were observed for samples aged at 600°C. All the three FL-Si containing schemes showed stability for up to 300 h with minor increases in contact parameters. Higher temperature aging at 700°C showed a gradual increase in R c with time. R c less than 1 ⍀ mm could still be obtained after aging for more than 50 h, after which inconsistent TLM gap resistance variation was observed. Ohmic behavior was maintained for samples annealed up to 78 h, as shown in Fig. 6͑c͒ . This represents a significant improvement in the thermal stability of Ti/ Al/ Mo/ Au scheme, which showed a rectifying behavior after annealing at 700°C for less than 10 h. 18 The performance of FL-Si schemes is also far superior to that of the schemes with refractory cap layers, such as WSiN, where R c of 1 ⍀ mm was reported for samples aged at 500°C for similar duration. The more striking result of the investigation of the effect of FL-Si incorporation in Ti/ Al/ Mo/ Au is that the sheet resistance of the AlGaN / GaN heterostructure did not show any sign of deterioration when compared to the preaging values as demonstrated in Fig. 7 . This has an important implication on the characteristics of the devices that would be fabricated using these Ohmic contact metallizations. The lack of change in sheet resistance guarantees reproducible and stable device performance and further amplifies the suitability of Si/ Ti/ Al/ Mo/ Au scheme as Ohmic contact scheme for AlGaN / GaN HEMT fabrication.
AES and TEM microstructural characterizations have been carried out to identify the nature of intermetallic and interfacial reactions in optimally annealed ͑850°C/30 s͒ samples. FL-Si ͑1 nm͒ ͓Fig. 8͑a͔͒ showed interfacial and intermetallic intermixing. FL-Si ͑5 nm͒ ͓Fig. 8͑b͔͒ scheme has an abrupt transition at the contact/heterostructure junction; the AlGaN / GaN heterointerface is clearly delineated. Si is distributed in the metallization matrix. Some outdiffusion and significant indiffusion of Ti from the contact/ heterostructure interface take place upon annealing. FL-Si ͑10 nm͒ ͓Fig. 8͑c͔͒ has large amount of contact elements present at the contact/heterostructure interface, in which Si is confined. Outdiffusion of Ga and N has also been observed, which is accompanied by large outdiffusion of Ti to the surface. Large concentration of O can also be seen in the metallization matrix, which could be the cause of the high resistance observed for this scheme. As indicated above, thermal aging at 500°C or more induces reduction of contact resistance of FL-Si ͑10 nm͒. A depth profile of this scheme annealed at 800°C for 30 s and then aged at 500°C for 3 h is shown in Fig. 8͑d͒ . An increase in the reaction region width and lower O content in the metallization matrix have been observed. In this sample, the profile of Ti tracks that of O, which may be an indication that Ti getters some of the O from inside the metallization. In all the other samples, irrespective of FL-Si content, Al x O y formation is observed both on the surface and in the interior of the contact schemes as is evident on the tracking of Al and O profiles. The observations made from the AES depth profiling are largely average behaviors of the interactions between the various layers with no information on spatial distribution of composition and structure. For this purpose, cross-sectional TEM analyses have been carried out.
Shown in Fig. 9͑a͒ is the cross-section view of FL-Si ͑1 nm͒ scheme annealed at 850°C. Intermetallic and interfacial reactions appear to be similar to that of Ti/ Al/ Mo/ Au, where complex intermetallic reactions and vigorous interfacial TiN formation along dislocations have been observed. 14, 28 This is to be expected as the concentration of Si ͑1 nm͒ is far too small to have a significant impact on the nature of interactions. The proposition, by Cha et al., 23 that titanium silicide formation takes place in a scheme containing 1 nm Si was not observed in this work. The effect of FL-Si ͑1 nm͒ could rather be one of doping. 24 With increased FL-Si thickness ͑5 nm͒, the nature of interfacial reactions are significantly affected ͓Fig. 9͑b͔͒. A closer look at the interfacial reactions ͓Fig. 9͑c͔͒ indicates that TiN forma- FIG. 8 . AES depth profiling of FL-Si: ͑a͒ ͑1 nm͒, ͑b͒ ͑5 nm͒, and ͑c͒ ͑10 nm͒ annealed at 850°C for 30 s, and ͑d͒ ͑10 nm͒ annealed at 850°C for 30 s and aged at 500°C for 3 h. Varying degrees of intermixing take place in FL-Si schemes depending on the amount of Si present.
tion is restricted to fewer places. The coincidence of these reaction regions with dislocations still exists ͑indicated by 1 on the micrograph and in Table I . Similar to the cases of Ti/ Si/ Al/ Si/ Mo/ Au schemes, 29 FL-Si incorporation has the effect of suppressing interfacial TiN formation. Reaction products consisting of Al-Au-Si ͑indicated by 2 on the micrograph and in Table I͒ have been identified. Occurrence of TiN and Al-Au-Si have also been detected ͑indicated by 3 on the micrograph and in Table I͒ . As evidenced in the AES depth profiling, the suppression of aggressive interfacial reaction results in a more abrupt contact/heterostructure junction, which may have consequences for the thermal stability of this scheme. FL-Si ͑10 nm͒ scheme has been shown to have distinct electrical characteristics. While samples annealed at 850°C or more showed high contact resistance behavior, those annealed at low temperatures ͑550-650°C͒ had relatively lower resistances. To identify reasons for the observed behavior, cross-section TEM characterizations of samples annealed at 550°C ͓Fig. 9͑d͔͒ and 850°C ͓Fig. 9͑e͔͒ have been carried out. Annealing at 550°C was found FIG. 9 . Cross-section STEM micrographs of FL-Si: ͑a͒ ͑1 nm͒ annealed at 850°C for 30 s, ͑b͒ ͑5 nm͒ annealed at 850°C for 30 s, ͑c͒ higher magnification image of ͑b͒ with labels corresponding to those in Table I , ͑d͒ ͑10 nm͒ annealed at 550°C for 30 s, and ͑e͒ ͑10 nm͒ annealed at 850°C for 30 s with labels corresponding to those in Table II. to be sufficient to induce the indiffusion and intermixing of Au through Mo layer with Ti, Al, and Si. The Mo layer, although it allows the cross-barrier layer diffusion, remained continuous. The Mo layer does not participate in the intermixing between the different layers of the scheme. Above Mo in the figure, there exists an intermixed layer of Al-Au-Si, and beneath it a Ti-Al-Au-Si intermixture is seen. The low resistance Ohmic behavior observed here may be a result of low Schottky barrier intermetallic formation, which comes in direct contact with the heterostructure. Annealing at higher temperatures ͑850°C͒ causes severe intermixing between all the layers ͓Fig. 9͑e͔͒. The nature of the elemental distribution in this scheme has been determined and is presented in Table II . In this scheme, there is a complete suppression of interfacial TiN formation. The reaction products that protrude into the heterostructure are composed of Al-Au-Si solid solutions ͑indicated by 1 and 2͒. Evidence for the formation of TiN particulates ͑6͒, Au-Si solid solution ͑3͒, Mo grains ͑4͒ and Al x O y ͑5͒, characterized by the dark contrast indicating the presence of low atomic number elements, has been observed. Significant outdiffusion of Ti ͑7͒ took place. This is consistent with the observation made in Si-containing Ti/ Al/ Mo/ Au samples where the suppression of interfacial TiN formation coincides with the outdiffusion of Ti to the exterior portions of the annealed scheme. 26 It is believed that the formation of low temperature Al-Al-Au solid solutions presents conditions for Ti to diffuse away from the contact/heterostructure interface before TiN formation could take place. The presence of large Al x O y grains, which was also observed in the AES depth profiling, is believed to be the cause for the large contact resistance measured for this sample.
A point of interest in the usage of contact metallizations is not only that of achieving low contact resistance but also that of controlling the surface morphology of the contacts. Specifically, it is imperative that Ohmic contacts retain a smooth surface morphology to enable dependable high temperature performance and to facilitate sharp edge acuity for short channel devices. 2 Most Ti/ Al-based contact schemes suffer from strong degradation not only in contact resistance but also in surface morphology upon high temperature aging. In the previous section, we have demonstrated that FL-Si metallizations have superior high temperature thermal stability. Optical and AFM characterizations have been carried out to assess the nature of surface morphology and interlayer mixing in these samples. Presented in Figs. 10͑a͒-10͑e͒ are optical micrographs and AFM surface scans over 400 m 2 of FL-Si metallization samples annealed at 800°C before aging and thermally aged at 400, 500, 600, and 700°C, respectively. Results from the characterizations of FL-Si ͑1 nm͒, FL-Si ͑5 nm͒, and FL-Si ͑10 nm͒ are hereby presented. The numbers shown in the AFM scans represent the rms roughness of the respective samples. Before aging ͓Fig. 10͑a͔͒ the FL-Si ͑1 nm͒ scheme showed the largest rms roughness of 83.5 nm. FL-Si ͑5 nm͒ and FL-Si ͑10 nm͒ have comparable surface roughness of ϳ40-50 nm. The surface of all the three samples showed nonuniformly scattered reaction products. In spite of this, the samples have demonstrated sharp edge acuity. Upon aging at 400°C for 100 h ͓Fig. 10͑b͔͒, while the rms roughness of FL-Si ͑1 nm͒ and FL-Si ͑10 nm͒ showed small changes, FL-Si ͑5 nm͒ showed a significant reduction in rms roughness to 29.2 nm. In addition, this scheme showed a more uniform appearance of the surface in comparison to FL-Si ͑1 nm͒ and FL-Si ͑10 nm͒, which show evidence of the emergence of segregation in intermetallic reaction products. Aging of samples at 500°C for 300 h ͓Fig. 10͑c͔͒ causes deterioration in the roughnesses of FL-Si ͑1 nm͒ and FL-Si ͑10 nm͒ to 89 and 52.4 nm, respectively. FL-Si ͑5 nm͒, however, remains smooth with very low rms roughness of 25.8 nm, which is evidenced by the uniform surface appearance. In the case of FL-Si ͑1 nm͒ and FL-Si ͑10 nm͒, the segregation in intermetallic reactions worsens, and FL-Si ͑1 nm͒ contained reaction products that encroach into the gap between contact pads. Increasing the aging temperature and time to 600°C and 310 h ͓Fig. 10͑d͔͒, respectively, causes an increase in the rms roughness of all the three cases in comparison to the case of 500°C aging. The surface uniformity of FL-Si ͑5 nm͒ still remains superior to that of the other cases, and its rms roughness remains low ͑35.3 nm͒. By comparison, FL-Si ͑1 nm͒ and FL-Si ͑10 nm͒ showed large rms roughnesses of 102.1 and 54 nm, respectively. Annealing at 700°C for extended period of time has shown a continuous rise in the contact resistance. This is coupled with the deterioration of the contact surface morphology as evidenced by the large rms roughnesses of 118.4 and 60.9 nm for FL-Si ͑1 nm͒ and FL-Si ͑10 nm͒ schemes, respectively. As can be seen in the optical micrographs, these samples also suffer from degradation in surface uniformity which results in discontinuous contact surface coverage. FL-Si ͑5 nm͒ has shown the ability to withstand even such high temperature aging. The rms roughness of the contact scheme remains low ͑30.4 nm͒ and surface uniformity did not show significant degradation.
IV. CONCLUSION
FL-Si Ti/ Al/ Mo/ Au ͑Si/ Ti/ Al/ Mo/ Au͒ metallizations were demonstrated to have low resistance and high temperature thermal stability. The thermal aging tests carried out at 400, 500, and 600°C for extended periods of time have indicated that there is minimal increase in the contact resistances of the Ohmic contact schemes and the sheet resistance of the AlGaN / GaN heterostructure, which makes the scheme investigated useful for high temperature HEMT applications. AFM characterization has shown that there is significant improvement followed by preservation of surface morphology with thermal aging as compared to the preaging sample condition. Optimal thickness of FL-Si ͑5 nm͒ was identified to give low resistance, high temperature thermal stability and excellent surface morphology. These results further attest to the suitability of Si/ Ti/ Al/ Mo/ Au contact metallization for AlGaN / GaN HEMT fabrication. 10 . Optical micrograph and AFM surface scans of FL-Si samples annealed at 800°C for 30 s ͑a͒ before and after aging at ͑b͒ 400°C for 100 h, ͑c͒ 500°C for 300 h, ͑d͒ 600°C for 310 h, and ͑e͒ 700°C for 78 h. Quantitative characterization of surface morphology is carried out by measuring the rms roughnesses, which are shown as inserts in the AFM scans, of sample surfaces over a 400 m 2 area.
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